Heterotrimeric G proteins have been shown to transmit ultraviolet B (UV-B) signals in mammalian cells, but whether they also transmit UV-B signals in plant cells is not clear. In this paper, we report that 0.5 W m 22 UV-B induces stomatal closure in Arabidopsis (Arabidopsis thaliana) by eliciting a cascade of intracellular signaling events including Ga protein, hydrogen peroxide (H 2 O 2 ), and nitric oxide (NO). UV-B triggered a significant increase in H 2 O 2 or NO levels associated with stomatal closure in the wild type, but these effects were abolished in the single and double mutants of AtrbohD and AtrbohF or in the Nia1 mutants, respectively. Furthermore, we found that UV-B-mediated H 2 O 2 and NO generation are regulated by GPA1, the Ga-subunit of heterotrimeric G proteins. UV-B-dependent H 2 O 2 and NO accumulation were nullified in gpa1 knockout mutants but enhanced by overexpression of a constitutively active form of GPA1 (cGa). In addition, exogenously applied H 2 O 2 or NO rescued the defect in UV-B-mediated stomatal closure in gpa1 mutants, whereas cGa AtrbohD/AtrbohF and cGa nia1 constructs exhibited a similar response to AtrbohD/ AtrbohF and Nia1, respectively. Finally, we demonstrated that Ga activation of NO production depends on H 2 O 2 . The mutants of AtrbohD and AtrbohF had impaired NO generation in response to UV-B, but UV-B-induced H 2 O 2 accumulation was not impaired in Nia1. Moreover, exogenously applied NO rescued the defect in UV-B-mediated stomatal closure in the mutants of AtrbohD and AtrbohF. These findings establish a signaling pathway leading to UV-B-induced stomatal closure that involves GPA1-dependent activation of H 2 O 2 production and subsequent Nia1-dependent NO accumulation.
Heterotrimeric G proteins, composed of a-, b-, and g-subunits, are a key intracellular signaling molecule in both mammalian and plant systems. Classically, upon signal reception by a receptor coupled to the heterotrimer, the Ga-subunit separates from the Gbg dimer, and either Ga or the Gbg dimer can act as a functional unit and induce downstream signaling (Oldham and Hamm, 2008) . In contrast to mammalian cells, where multiple a, b, and g genes exist, there is only one prototypical Ga (GPA1), one Gb (AGB1), and two known Gg (AGG1 and AGG2) genes in Arabidopsis (Arabidopsis thaliana; Temple and Jones, 2007) . Despite the comparative simplicity of players, G proteins have been shown to participate in multiple signaling pathways in Arabidopsis, including developmental processes, phytohormone responses, and responses to biotic and abiotic environmental signals such as pathogens, ozone, drought, and light (Assmann, 2005; Temple and Jones, 2007; Warpeha et al., 2007; Okamoto et al., 2009; Nilson and Assmann, 2010) .
Depletion of the stratospheric ozone layer results in increased levels of the sun's UV-B radiation (280-315 nm) at the Earth's surface. Although this influx of shortwave photons with high energy implies serious effects for all living organisms (Frohnmeyer and Staiger, 2003) , UV-B is also a key environmental signal that initiates diverse responses in a range of organisms (Jansen and Bornman, 2012) . Thus, understanding the mechanism of UV-B signal transduction in cells is very important. In recent years, significant progress has been made in identifying the molecular players and understanding the early mechanisms and functions of the UV-B perception and signaling pathway in plants. The perception of UV-B by UV RESISTANCE LOCUS8 (UVR8) followed by the interaction among UVR8, CONSTITUTIVELY PHO-TOMORPHOGENIC1 (COP1), and ELONGATED HYPOCOTYL5 (HY5) has emerged as a primary mechanism of the UV-B response that is crucial for UV-B acclimation and tolerance (Rizzini et al., 2011; Christie et al., 2012; Heijde and Ulm, 2012; Jansen and Bornman, 2012) . However, few of the molecular players involved in UV-B signal transduction are currently known. In mammalian cells, heterotrimeric G proteins have been shown to mediate various UV-B-induced cellular responses, such as secretion of heparin-binding epidermal growth factor (HB-EGF), activation of mitogen-activated protein kinases, cyclooxygenase2 expression, and apoptosis in human keratinocytes (Seo et al., 2004 (Seo et al., , 2007 Seo and Juhnn, 2010) , suggesting that G proteins are important molecular players in UV-B signal transduction. However, at present, whether G proteins participate in the responses of plant cells to UV-B is not known.
Stomata embedded in the epidermis of terrestrial plants are important for CO 2 absorption and water transpiration and are possible points of entry for pathogens. Thus, the regulation of stomatal apertures is extremely important for the survival of plants. Phenotypic analyses of Arabidopsis mutants lacking the Ga-or Gb-subunit show that these G proteins are involved in stomatal movement regulated by abscisic acid (ABA; Wang et al., 2001; Pandey and Assmann, 2004; Liu et al., 2007; Fan et al., 2008; Zhang et al., 2011) , sphingosine-1-P (Coursol et al., 2003 (Coursol et al., , 2005 , phosphatidic acid (PA; Mishra et al., 2006) , extracellular calmodulin (ExtCaM; Chen et al., 2004; Li et al., 2009 ), extracellular ATP (Hao et al., 2012) , and the pathogenassociated molecular pattern flg22 , suggesting that plant G proteins respond to various stimuli as key regulators of stomatal movement. On exposure to UV-B radiation, many plant species exhibit decreases in stomatal conductance and/or aperture under growth chamber, greenhouse, and field conditions (Musil and Wand, 1993; Nogués et al., 1999; Jansen and Noort, 2000) . However, in some species, UV-B has been reported to induce either stomatal opening or stomatal closure, perhaps depending on the metabolic state of guard cells (Jansen and Noort, 2000) . Furthermore, UV-B-inhibited photosynthesis is partially caused by stomatal limitation (He et al., 2004) . Thus, understanding the mechanism of stomatal movement regulated by UV-B is extremely important for improving the resistance of plants to enhanced UV-B radiation, but, to date, it is poorly understood.
Recently, compelling evidence emerged that hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO) function as signaling molecules in plants, mediating a range of responses to environmental stress including UV-B radiation (Neill et al., 2002; Qiao and Fan, 2008; Wilson et al., 2008) . Increasing evidence also points to the role for H 2 O 2 and NO as essential components in guard cell signaling. For example, both H 2 O 2 and NO have been implicated in ABA-, salicylic acid (SA)-, ethylene-, ExtCaM-, and darkness-induced stomatal closure. Furthermore, several main cellular players in stomatal movement, such as mitogen-activated protein kinases, protein phosphatases, cytoskeleton, and ion channels, have already been identified as likely targets downstream of H 2 O 2 or NO Wang and Song, 2008; Huang et al., 2009; Li et al., 2009; Wilkins et al., 2011; Yemets et al., 2011) . G protein signaling to the membrane-bound H 2 O 2 synthetic enzyme, NADPH oxidase, has been implicated in the development of disease resistance and the apoptotic hypersensitive response in rice (Oryza sativa; Suharsono et al., 2002) . Production of reactive oxygen species (ROS) in response to the air pollutant ozone is also impaired in a mutant lacking the Ga subunit (Joo et al., 2005) . The heterotrimeric G proteins also participate in ROS metabolism in plant cells (Wei et al., 2008; Zhao et al., 2010) . During stomatal movement, G proteins mediate H 2 O 2 production induced by ABA (Zhang et al., 2011) , ExtCaM (Chen et al., 2004; Li et al., 2009) , and extracellular ATP (Hao et al., 2012) as well as NO production induced by ExtCaM in guard cells ). In addition, phospholipase Da and its product PA, which interact with GPA1 during ABA inhibition of stomatal opening (Mishra et al., 2006) , also promote ABAinduced ROS production ). These observations suggest that G proteins may be key regulators of H 2 O 2 and NO production in plant cells, including guard cells. With regard to the stomatal movement regulated by UV-B radiation, our previous studies showed that H 2 O 2 and NO generation are required for UV-B-induced stomatal closure (He et al., 2005 (He et al., , 2011a (He et al., , 2011b . However, whether the UV-Binduced production of H 2 O 2 and NO in guard cells is also regulated by G proteins remains unknown.
In this study, we use Arabidopsis mutants (e.g. GPA1 null mutants gpa1-1 and gpa1-2; Nia1-2, Nia2-1, and Nia1-2/Nia2-5, which are defective in NO production; and AtrbohD, AtrbohF, and AtrbohD/AtrbohF, which are defective in producing H 2 O 2 ) and pharmacological reagents to show that the G protein is involved in the regulation of UV-B-induced stomatal closure in Arabidopsis via sequential elucidation of H 2 O 2 and NO, two key regulators of UV-B regulation of stomatal movements. Our results establish a linear signaling cascade in which the Ga protein transmits UV-B signals to elicit H 2 O 2 , which then elicits NO in guard cells to regulate UV-B-dependent stomatal closure.
RESULTS

Optimization of UV-B Radiation on Stomatal Movement in Arabidopsis Leaves
Previous studies have shown that UV-B can induce stomatal closure or opening (Jansen and Noort, 2000) . To determine the effect of UV-B radiation on stomatal movement in Arabidopsis leaves, freshly prepared leaves were first floated on MES-KCl buffer under light for 3 h to induce stomatal opening, and then the light was supplemented with 0.3 to 1.0 W m 22 UV-B radiation for another 4 h. Under these experimental conditions, exposure to all tested doses of UV-B radiation induced decreases in stomatal aperture that were evident at 0.3 W m
22
, substantial at 0.5 W m
, and maximal at 0.7 W m 22 (Fig. 1A) . To determine the optimal time of UV-B radiation to induce stomatal closure, the time courses of stomatal closure regulated by 0.5, 0.7, and 0.9 W m 22 UV-B radiation were determined: the maximum effects of the three doses of UV-B were all achieved at 3 h (Fig. 1B) . To determine whether UV-B-induced stomatal closure was caused by widespread, nonspecific damage to guard cells, we further assayed the viability of guard cells irradiated by 0.5, 0.7, and 0.9 W m 22 UV-B for 4 h with the fluorescent indicator dyes fluorescein diacetate (FAD; which passes through cell membranes and is hydrolyzed by intracellular esterase to produce a polar compound that accumulates inside the cell and exhibits green fluorescence when excited by blue light) and propidium iodide (PI; which passes through damaged cell membranes and intercalates with DNA and RNA to form a bright red fluorescent complex seen in the nuclei of dead cells; Supplemental Fig. S1 ). The results showed that guard cells treated by 0.5 and 0.7 W m 22 UV-B for 4 h were marked by FAD (Supplemental Fig. S1 , B and C) but not by PI (data not shown). However, the guard cells irradiated by 0.9 W m 22 UV-B for 4 h could be marked by PI (Supplemental Fig. S1H ) and not by FAD (Supplemental Fig. S1D ), indicating that the stomatal closure induced by 0.3 to 0.7 W m 22 UV-B was not caused by the loss of guard cell viability. Based on these results, we chose 0.5 W m 22 UV-B irradiation for 3 h for subsequent experiments. This dose of UV-B was the biologically effective radiation, normalized to 300 nm, according to Caldwell (1971) and corresponds to 3.45 mmol m 22 s
21
, which is close to the fluence rate of UV-B in sunlight (Brown and Jenkins, 2008) .
To assess whether G proteins might mediate UV-B signaling in guard cells, we first investigated stomatal responses to pertussis toxin (PTX), an inhibitor of the G protein a-subunit, and cholera toxin (CTX), an activator of the G protein a-subunit (Chen et al., 2004) . As shown in Figure 2A , 0.5 W m 22 UV-B-induced stomatal closure was completely inhibited when leaves were incubated with PTX. Meanwhile, similar to UV-B, CTX significantly induced stomatal closure in leaves under light. Furthermore, the viability assay also showed that the PTX and CTX treatments did not cause the loss of guard cell viability (Supplemental Fig. S1 , E-G). These results suggest that UV-B induces Arabidopsis stomatal closure by activating Ga.
To confirm these pharmacological data, we further used the Arabidopsis mutants gpa1-1 and gpa1-2 harboring the recessive transfer DNA knockout alleles of GPA1, the only prototypical Ga gene in the Arabidopsis genome (Temple and Jones, 2007) , and two independent Arabidopsis transgenic lines overexpressing a constitutively active form of GPA1 (cGa): GPA1, with a point mutation of Glu-222 to Leu, which locks Ga in the active state once activated (Okamoto et al., 2001) , and wild-type Arabidopsis ecotype Wassilewskija (Ws). As shown in Figure  2B and Supplemental Figure S2 , 0.5 W m 22 UV-B-induced stomatal closure was completely impaired in the mutants gpa1-1 and gpa1-2, as the mutant stomata in the presence of UV-B behaved exactly like the wild-type control in the absence of UV-B. In contrast, cGa lines showed not only smaller stomatal aperture than the wild type under light but also showed faster stomatal closure induced by 0.5 W m 22 UV-B than the wild type (Fig. 2C ). In the mean time, we also checked the effects of PTX and CTX on guard cell responses in gpa1 mutants. Consistent with the above results, our data showed that gpa1 mutants were insensitive to these drugs (Supplemental Fig. S3 ). Therefore, our results provide the genetic evidence that Ga is involved in UV-B signal transduction in guard cells. Together with the pharmacological experiment described above, these results indicate that Ga acts as a positive regulator of guard cell responses to UV-B radiation. (He et al., 2005 (He et al., , 2011a , UV-B had a cumulative effect over time on H 2 O 2 production in guard cells that was evident at 1 h, substantial at 2 h, and reached maximum at 3 h (Supplemental Fig. S4 ). Clearly, under UV-B radiation, the significant rise in H 2 O 2 level preceded stomatal closure ( Fig. 1B; Supplemental Fig. S2 ). Furthermore, both ASA and CAT significantly inhibited UV-Binduced stomatal closure ( Fig. 3A) and scavenged the UV-B-induced H 2 O 2 in guard cells (Fig. 3 , B and C). Together, these results suggest that H 2 O 2 is an essential signal in the guard cell response to UV-B in Arabidopsis. However, both the UV-B-induced stomatal closure (Fig .  3A ) and H 2 O 2 generation (Fig. 3 , B and C) were largely inhibited by DPI but not by SHAM, in contrast to our previous results in broad bean (Vicia faba) epidermal strips (He et al., 2011a) , suggesting that 0.5 W m 22 UV-Binduced stomatal closure in Arabidopsis may be mediated by H 2 O 2 sourced from NADPH oxidases but not from peroxidases. To confirm these pharmacological data, we further used Arabidopsis single and double mutants of AtrbohD and AtrbohF, two highly expressed Atrboh genes in guard cells (Kwak et al., 2003) . Stomata of either single mutants AtrbohD and AtrbohF or double mutant AtrbohD/AtrbohF failed to close under 0.5 W m 22 UV-B ( 22 UV-B-induced H 2 O 2 generation in broad bean guard cells depends on peroxidase but not NADPH oxidase (He et al., 2011a) with our results here that 0.5 W m 22 UV-B induces H 2 O 2 production in Arabidopsis via NADPH oxidases but not peroxidase (Fig. 3) , it might be suggested that different doses of UV-B activate distinct sources of H 2 O 2 . To confirm this suggestion, we also investigated the effect of 0.7 W m 22 UV-B on H 2 O 2 generation in Arabidopsis. Indeed, when the dose of UV-B was up to 0.7 W m
22
, it induced H 2 O 2 generation in guard cells and stomatal closure not only in the wild type but also in the single and double mutants of AtrbohD and AtrbohF, and these effects of UV-B could be inhibited by SHAM but not by DPI (Supplemental Fig. S5 ), suggesting that higher doses of UV-B induce H 2 O 2 generation in Arabidopsis guard cells also via peroxidase but not NADPH oxidases.
Nia1-Dependent NO Is Involved in UV-B-Induced Stomatal Closure
To evaluate the potential role of the nitrate reductase (NR) source of NO in 0.5 W m 22 UV-B-induced stomatal closure in Arabidopsis, we used both pharmacological and genetic approaches. Stomata of single mutant Nia1-2 and double mutant Nia1-2/Nia2-5 failed to close upon 0.5 W m 22 UV-B treatment, resembling the response of the wild type (Col-0) pretreated with the NR inhibitor tungstate or the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (c-PTIO), whereas the single mutant Nia2-1 responded normally to the UV-B radiation like the wild type ( Fig. 4A ; Supplemental Fig. S2 ). Furthermore, we measured NO changes using the NO-specific fluorescent dye 4,5-diaminofluorescein diacetate (DAF-2DA). As shown in Figure 4 , B and C, and Supplemental Figure S6 , UV-B induced a dramatic increase in NO level in wild-type and Nia2-1 guard cells but not in mutant Nia1-2 and Nia1-2/Nia2-5 guard cells or wild-type guard cells pretreated with c-PTIO or tungstate. These results not only confirm the essential role of NR source of NO in the mediation of UV-B-induced stomatal closure but also indicate that it is Nia1, but not the Nia2 isoform of NR, that is responsible for NO synthesis during the UV-Binduced stomatal closure in Arabidopsis.
Ga Modulates Both H 2 O 2 and NO Production in UV-B-Induced Stomatal Closure
To investigate the relationship between Ga and H 2 O 2 or NO in UV-B-induced stomatal closure, we used the following experiments. First, we employed pharmacological drugs to assess whether Ga mediates UV-B-induced stomatal closure via the regulation of H 2 O 2 or NO production in guard cells. As shown in Figures 5 and 6, the Ga inhibitor PTX obviously prevented not only the H 2 O 2 generation (Fig. 5, A and B ) but also the NO production (Fig. 6, A and B) induced by UV-B in guard cells of the wild type (Col-0), consistent with the inhibitory effect of PTX on the UV-B-induced stomatal closure ( Fig.  2A) . Meanwhile, the Ga activator CTX induced increases of H 2 O 2 (Fig. 5, A and B) and NO (Fig. 6, A and B) production in wild-type guard cells under light, which could be significantly inhibited or scavenged by either CAT and DPI (Supplemental Fig. S7, A and B) or c-PTIO and tungstate (Supplemental Fig. S8, A and B) . Similarly, CTXinduced stomatal closure in the wild type under light was also blocked by either CAT and DPI (Supplemental Fig.  S7C ) or c-PTIO and tungstate (Supplemental Fig. S8C ), but CTX failed to induce both H 2 O 2 production (Fig. 5, A and B) and stomatal closure (Fig. 5C ) in the single and double mutants of AtrbohD and ArrbohF or both NO production (Fig. 6, A and B) and stomatal closure (Fig.  6C ) in the mutants Nia1-2 and Nia1-2/Nia2-5. These results strongly suggest that Ga mediates the UV-B-induced stomatal closure via modulating H 2 O 2 and NO production in guard cells.
To confirm the role of Ga in the regulation of H 2 O 2 and NO production in UV-B guard cell signaling, we next examined H 2 O 2 and NO levels in guard cells of the gpa1 null mutants and of transgenic cGa lines 2C ) and the impaired stomatal closure of gpa1-1 and gpa1-2 with UV-B treatment ( Fig. 2B ; Supplemental  Fig. S2 ). Furthermore, UV-B-triggered stomatal closure in cGa lines was blocked by either DPI and CAT (Supplemental Fig. S9A ) or c-PTIO and tungstate (Supplemental Fig. S9B ), and the defect of gpa1-1 and gpa1-2 in UV-B-induced stomatal closure was rescued not only by H 2 O 2 (Fig. 5F ) but also by the NO donor sodium nitroprusside (SNP; Fig. 6F ), further supporting that H 2 O 2 and NO act downstream of Ga in UV-B guard cell signaling.
To further confirm the relationship between Ga and H 2 O 2 or Ga and NO in UV-B guard cell signaling, we also crossed the cGa1 line (Okamoto et al., 2001 ) with the AtrbohD/AtrbohF or Noa1-2 mutant, respectively, and examined stomatal responses and the level of H 2 O 2 or NO in guard cells of these constructs. As shown in Figure 5 and Supplemental Figures S2 and S4 , UV-B failed to increase H 2 O 2 level in guard cells of cGa1 AtrbohD/AtrbohF, and stomata of this construct also did not close when treated with UV-B. Similarly, UV-B also failed to induce NO production ( As both H 2 O 2 and NO act downstream of Ga in UV-Binduced stomatal closure (Figs. 5 and 6) and reports from several groups imply that H 2 O 2 induces NO generation in guard cells (He et al., 2005; Bright et al., 2006; Li et al., 2009) , we finally investigated the relationship between H 2 O 2 and NO in the Ga mediation of UV-B-induced stomatal closure. First, it is proposed that if NO acts downstream of H 2 O 2 , then the deficiency of H 2 O 2 could be bypassed by NO, but the deficiency of NO could not be compensated by H 2 O 2 , and vice versa. Indeed, the defects of mutants AtrbohD, AtrbohF, and AtrbohD/AtrbohF in the UV-B-induced stomatal closure were significantly rescued by the NO donor SNP (Fig. 7A) , but the defects of Nia1-2 and Nia1-2/Nia2-5 mutants in the UV-B-induced stomatal closure could not be compensated by H 2 O 2 (Fig. 7D) . Similarly, SNP could induce stomatal closure in mutants AtrbohD, AtrbohF, and AtrbohD/AtrbohF under light (Fig. 7A) , but H 2 O 2 failed to induce stomatal closure in mutants Nia1-2 and Nia1-2/Nia2-5 under light (Fig. 7D) . These results suggest that NO acts downstream of H 2 O 2 in the Ga mediation of UV-B-induced stomatal closure. To confirm this conclusion further, H 2 O 2 or NO synthesis was next monitored in guard cells of the above mutants. As shown in Figure 7 , B and C, UV-B failed to induce NO production in the mutants AtrbohD, AtrbohF, and AtrbohD/ AtrbohF, but it could induce H 2 O 2 generation in the mutants Nia1-2 and Nia1-2/Nia2-5 (Fig. 7, E and F) . Together, the correlation between stomatal movement and change in H 2 O 2 or NO level indicates an essential role of H 2 O 2 generation in Ga-induced NO production during the UV-B-induced stomatal closure.
DISCUSSION
In this report, we have provided convincing evidence for a linear signaling pathway controlling 0.5 W m 22 UV-B-induced stomatal closure in Arabidopsis. Our combined genetic and pharmacological analyses show that the activation of Ga of the heterotrimeric G protein, NADPH oxidase-dependent H 2 O 2 generation, and Nia1-dependent NO production are all required for the UV-Binduced stomatal closure. Furthermore, we found that UV-B-triggered H 2 O 2 and NO production are mediated by the activation of Ga. We also showed that the modulation of NO production by Ga requires NADPH oxidase-dependent H 2 O 2 generation. Therefore, our results support a UV-B-activated guard cell signaling pathway that includes a cascade of UV-B, Ga, NADPH oxidase-dependent H 2 O 2 , and Nia1-dependent NO.
Ga Plays an Important Role in UV-B Guard Cell Signaling
In plants, heterotrimeric G proteins composed of Ga-, Gb-, and Gg-subunits function as important signaling agents mediating responses to a range of biotic and abiotic signals (Assmann, 2005; Temple and Jones, 2007; Warpeha et al., 2007; Okamoto et al., 2009; Nilson and Assmann, 2010) . In animal cells, it has been shown that UV-B activates the Ga-Gbg complex to release free Ga and Gbg, both of which result in HB-EGF secretion and subsequent activation of the EGF signal transduction pathway (Seo et al., 2004 (Seo et al., , 2007 Seo and Juhnn, 2010) , suggesting that both Ga and Gbg are functional units to transmit UV-B signaling. However, until now, whether G proteins participate in the responses of plant cells to UV-B was not known. Our results in this report provide convincing evidence that Ga of the heterotrimeric G proteins in Arabidopsis plays an important role in the regulation of 0.5 W m 22 UV-Binduced stomatal closure. The Ga inhibitor PTX completely inhibited UV-B-induced stomatal closure, and the Ga activator CTX significantly induced stomatal closure under light, indicating that the activation of Ga is required for the UV-B-induced stomatal closure. The defect of null mutants for GPA1 in UV-B-induced stomatal closure and the faster stomatal closure of cGa lines further provide genetic evidence for the essential role of Ga in UV-B guard cell signaling (Fig. 2) . Although our results here show an important role of Ga in UV-B guard cell signaling, whether Gbg and Ga can act additively or synergically to mediate UV-B signaling in guard cells and other plant cells is still an interesting question to be addressed in the future. H 2 O 2 is one of the extensively studied signaling components involved in guard cell signaling (Neill et al., 2002; Wang and Song, 2008) , and its origin in guard cells has been proposed to be multiple sources, including cell wall peroxidases (Khokon et al., 2010) , NADPH oxidases (Kwak et al., 2003; Chen et al., 2004; Joo et al., 2005; Bright et al., 2006; Sagi and Fluhr, 2006; Li et al., 2009) , and amine oxidase-type enzymes . With regard to the enzymatic source of H 2 O 2 mediating UV-B-induced stomatal closure, our previous study has provided pharmacological evidence that 0.8 W m 22 UV-B-induced H 2 O 2 generation in broad bean guard cells depends on peroxidases but not NADPH oxidases (He et al., 2011a) . However, UV-B is reported to stimulate mRNA transcript levels and the activity of NADPH oxidases (Rao et al., 1996; A-H-Mackerness et al., 2001; Casati and Walbot, 2003) , and mutants in the Arabidopsis AtrbohD and AtrbohF genes show reduced H 2 O 2 accumulation in response to UV-B (Kalbina and Strid, 2006) , suggesting that NADPH oxidases are also potential sources of H 2 O 2 induced by UV-B. To explore whether different doses of UV-B can activate distinct sources of H 2 O 2 to induce stomatal closure, we examined H 2 O 2 sources during stomatal closure induced by 0.5 and 0.7 W m 22 UV-B. The data presented here clearly showed that 0.5 W m 22 UV-B-induced H 2 O 2 production in guard cells and subsequent stomatal closure in wildtype Arabidopsis were significantly inhibited by the NADPH oxidase inhibitor DPI but not by the cell wall peroxidase inhibitor SHAM. Furthermore, the NADPH oxidase gene null mutants AtrbohD, AtrbohF, and AtrbohD/ AtrbohF were also defective in this dose of UV-Binduced H 2 O 2 generation and stomatal closure ( Fig. 3 ; Supplemental Fig. S4 ). In contrast, consistent with our previous results in broad bean (He et al., 2011a) , 0.7 W m 22 UV-B-induced H 2 O 2 production and stomatal closure were observed not only in the wild type but also in the three NADPH oxidase mutants, and these effects were significantly reduced by SHAM but not by DPI (Supplemental Fig. S5 ). Clearly, our data provide convincing evidence that the low dose (0.5 W m
22
) of UV-B induces H 2 O 2 generation in guard cells and subsequent stomatal closure through NADPH oxidases and that both AtrbohD and AtrbohF NADPH oxidase genes are required for H 2 O 2 generation, while the high dose (over 0.7 W m
) of UV-B induces H 2 O 2 production and subsequent stomatal closure mainly via cell wall peroxidases. A-H-Mackerness et al. (2001) have shown that the same dose of UV-B may activate diverse H 2 O 2 -generating pathways to produce the signals leading to different physiological processes. Our results here further show that the different doses of UV-B can also activate distinct sources of H 2 O 2 to participate in the same physiological process. Kwak et al. (2003) observed that ABA-induced stomatal closing was partially impaired in AtrbohF and more strongly impaired in AtrbohD/AtrbohF, while the response of AtrbohD to ABA was the same as that of the wild type. So the authors suggest that there is some overlap in the functions of AtrbohD and AtrbohF. However, in our study, we observed that knockout of AtrbohD or AtrbohF both impaired the UV-B-induced H 2 O 2 production in guard cells and subsequent stomatal closure ( Fig. 3; Supplemental Figs. S2 and S4 ). These responses of both AtrbohD and AtrbohF to UV-B were similar to their responses to PA but also different from their responses to ethylene, as only AtrbohF appears essential for ethylene-induced H 2 O 2 production and stomatal closure . Combined together, we suggest that AtrbohD and AtrbohF may have different functions in mediating the responses of some stimuli such as ABA and ethylene but interact to mediate responses of other stimuli such as UV-B and PA.
Nia1-Dependent NO Mediates UV-B-Induced Stomatal Closure
Recently, the role of NO in the regulation of stomatal closure has been well documented, and a growing body of literature shows that the potential enzymatic sources of NO in guard cells are nitric oxide synthase (NOS) and NR (Neill et al., 2002 Qiao and Fan, 2008) . However, so far, no genes or proteins with sequence homology to known mammalian-type NOS have been found in plants (Guo et al., 2003; Crawford, 2006) . In Arabidopsis, NOS1/NOA1, which was identified originally as a potential NOS (Guo et al., 2003) , was found to be unable to bind and oxidize Arg to NO and was later shown to be a circularly permuted GTPase (Moreau et al., 2008) . Contrarily, there is a considerable body of genetic evidence to support a role for NR in NO production in plants (Crawford, 2006; Neill et al., 2008; Wilson et al., 2008) . Our previous pharmacological evidence supports a role for the NR source of NO in mediating UV-B-induced stomatal closure in broad bean (He et al., 2011b) . However, in Arabidopsis, two genes, Nia1 and Nia2, encoding NR have been cloned (Bright et al., 2006; Neill et al., 2008) . So we would like to further know whether Nia1 and/or Nia2 mediate UV-B-activated NO generation in guard cells. In this report, our genetic evidence clearly shows that it is Nia1, not Nia2, that mediates 0.5 W m 22 UV-B-induced NO generation in guard cells and the subsequent stomatal closure in Arabidopsis. The UV-B-induced NO production in guard cells and the subsequent stomatal closure in the wild type were completely impaired in single mutant Nia1-2 and double mutant Nia1-2/Nia2-5, but the single mutant Nia2-1 responded normally to the UV-B radiation, as did the wild type ( Fig.  4 ; Supplemental Figs. S2 and S6). Similar to our results, Bright et al. (2006) also reported that Nia1 is mainly responsible for the ABA-induced NO generation in guard cells. However, this is not the case in SA-induced NO production in guard cells, as NO production in guard cells and stomatal closure induced by SA in single mutants Nia1 and Nia2 were only partially suppressed in comparison with the double mutant Nia1/Nia2. Furthermore, the NO production and stomatal response of Nia1 are more sensitive to SA than those of Nia2 (Hao et al., 2010) . These differences maybe suggest that Nia1 and Nia2 have differential mechanisms of activation and, thus, they respond differentially to different stimuli. Guard cells in gpa1 mutants were insensitive to ABA inhibition of inward K + currents, activation of pHindependent anion channels, and inhibition of stomatal opening; thus, it is speculated that Ga regulates ion channels directly in guard cells (Wang et al., 2001 ). However, modulation of H 2 O 2 by Ga has been found in ABA-, ExtCaM-, and extracellular ATP-regulated stomatal movement (Chen et al., 2004; Li et al., 2009; Zhang et al., 2011; Hao et al., 2012) . In addition, regulation of NO by Ga has also been found in ExtCaMinduced stomatal closure . Those reports indicate that Ga may play a central mediating role in guard cell signaling. However, it is not known whether Ga mediates UV-B-induced stomatal closure also via the modulation of H 2 O 2 and NO. Our results here provide positive evidence for this speculation. gpa1 guard cells generated less H 2 O 2 and NO and cGa lines generated higher levels of H 2 O 2 and NO when irradiated with 0.5 W m 22 UV-B. Meanwhile, cGa AtrbohD/AtrbohF and cGa Nia1-2 constructs had similar responses to UV-B as AtrbohD/AtrbohF and Nia1-2, respectively. The defect of gpa1 mutants in the UV-B-induced stomatal closure was rescued by H 2 O 2 and SNP (Figs. 5 and 6 ). These results convincingly confirm that Ga acts upstream of H 2 O 2 and NO generation in UV-B-triggered guard cell signaling. Furthermore, our results also indicate that the UV-B-induced H 2 O 2 synthesis is essential for NO production in Arabidopsis, since UV-B-induced NO production was greatly impaired in the guard cells of mutants AtrbohD, AtrbohF, and AtrbohD/AtrbohF, but the UV-B-induced H 2 O 2 generation was not greatly impaired in the guard cells of Nia1-2 and Nia1-2/Nia2-5 (Fig. 7) . This relationship between H 2 O 2 and NO in stomatal movement is also supported by the findings of Bright et al. (2006) and Li et al. (2009) but somewhat different from our previous finding that an interrelationship between H 2 O 2 and NO exists in 0.8 W m 22 UV-B-induced stomatal closure in broad bean epidermal strips (He et al., 2005) , which discrepancy may be due to the different plant species or UV-B dosages used.
In summary, this study has provided convincing evidence for a linear intracellular signaling pathway leading to 0.5 W m 22 UV-B-induced stomatal closure in Arabidopsis, which involves GPA1-dependent activation of H 2 O 2 production by both AtrbohD and AtrbohF and subsequent Nia1-dependent NO accumulation. These findings not only extend the functions of G proteins but also provide clues to further understand the UV-B signal transduction mechanisms in plants. However, several remaining questions should be further studied in the future. First, although this study clearly shows that different doses of UV-B can activate distinct sources of H 2 O 2 to induce stomatal closure, whether these results suggest that there is a switch of low-dosage UV-B-induced specific signaling to high-dosage UV-B-produced nonspecific stress response on stomata is still unclear. Previous studies have shown that different responses and signaling pathways are observed at different UV-B fluence rates. In general, exposure to high fluence rates of UV-B is likely to cause stress responses and possibly necrosis, in part through UV-B-nonspecific signaling pathways such as stress-signaling pathways. In contrast, low fluence rates of UV-B are sufficient to initiate regulatory responses via UV-B-specific signaling pathways (Heijde and Ulm, 2012; Jansen and Bornman, 2012) . Recently, the UVR8 photoreceptor-mediated pathway was identified as a UV-B-specific signaling pathway that is crucial for UV-B acclimation and tolerance, but few of the molecular players, such as COP1 and HY5, involved in this specific pathway are currently known (Rizzini et al., 2011; Christie et al., 2012; Heijde and Ulm, 2012) , and whether this UVR8-dependent UV-B signaling pathway also mediates other responses, such as the guard cell response to UV-B, is still not clear. To further explore the new molecular players and better understand the functions of the UVR8-dependent UV-B signaling pathways in plants, future studies on the relationship between the UVR8-and Ga-dependent UV-B signaling pathways are still necessary.
Second, it remains to be elucidated how UV-B can activate Ga. Since the UV-B guard cell response is clearly visible only after 3 h of radiation (Fig. 1B) , which is clearly different from the faster stomatal responses to other signals such as ABA and light (Wang et al., 2001; Neill et al., 2008; Li et al., 2009 ), a UV-B indirect effect via modulating other signals to activate Ga may be plausible. Recently, it has been shown that some UV-B responses are ABA dependent in leaves of different plant species (Tossi et al., 2009; Berli et al., 2010) . Meanwhile, a similar pathway to UV-B guard cell signaling appears to be responsible for the ABA regulation of stomatal movement (Wang et al., 2001; Kwak et al., 2003; Bright et al., 2006; Liu et al., 2007; Zhang et al., 2011) . However, Wang et al. (2001) clearly showed that Ga is only involved in ABA inhibition of stomatal opening, not ABAinduced stomatal closure, which is obviously different from the role of Ga in UV-B guard cell signaling. Thus, in the UV-B-induced guard cell signaling pathway, UV-B may not activate Ga or Ga-coupled receptors (GCR) by ABA, but whether it activates Ga or GCR by UV-B photoreceptors such as UVR8 or other molecular players has yet to be studied. Another possible mechanism is that UV-B might activate GCR directly, as photons activate rhodopsins, a kind of GCR in the retina (Palczewski, 2006) . Finally, although our study has well established that a linear intracellular signaling pathway including GPA1-dependent H 2 O 2 production and subsequent NO accumulation controls the low dose of UV-B-induced stomatal closure, the mechanism by which UV-Bdependent NO induces stomatal closure is still unclear. The structure and dynamics of cytoskeleton, the main cellular players in stomatal movement (Huang et al., 2009; Eisinger et al., 2012a Eisinger et al., , 2012b ) that can control ion channels in guard cells (Zhang et al., 2007) , have been shown to be regulated by NO as well as H 2 O 2 (Huang et al., 2009; Wilkins et al., 2011; Yemets et al., 2011) . Recent evidence also suggests that NO mediates UV-B signaling in plant cells by modulating cytoskeleton (Yemets et al., 2011; Krasylenko et al., 2012) . Thus, whether the UV-B-dependent NO induces stomatal closure via modulating cytoskeleton and the subsequent activation of ion channels is an interesting question to be addressed in the future.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Seeds of the wild type and various mutants of Arabidopsis (Arabidopsis thaliana) were sown in potting mix and grown in plant growth chambers under a 16-hlight/8-h-dark cycle, a photon flux density of 0. Okamoto et al. (2001) . Seeds of the wild type and gpa1-1, gpa1-2, AtrbohD, AtrbohF, AtrbohD/ AtrbohF, Nia1-2, Nia2-1, and Nia2-5/Nia1-2 mutants were obtained from the Nottingham Arabidopsis Stock Center. Genotypes of all mutants were confirmed by PCR analysis. Fully expanded leaves were harvested for immediate use at 4 to 6 weeks.
Stomatal Bioassay
Stomatal assays were performed on leaves essentially as described by Desikan et al. (2006) . Briefly, freshly prepared leaves were first floated under the same light condition as that described above, with their abaxial surfaces facing up on MES-KCl buffer (10 mM MES, 50 mM KCl, and 0.1 mM CaCl 2 , pH 6.15) for 3 h to open the stomata, and then floated on the buffer alone or containing 400 ng mL 21 PTX, 400 ng mL 21 CTX, 100 mM ASA, 100 units mL
21
CAT, 10 mM DPI, 5 mM SHAM, 200 mM c-PTIO, 1 mM tungstate, 100 mM SNP, or 100 mM H 2 O 2 for another 1 to 4 h under the same white light condition with or without supplementary UV-B irradiation. Control treatments involved the addition of buffer or appropriate solvents used with inhibitors. All chemicals were obtained from Sigma-Aldrich. After treatments, the epidermal strips were immediately peeled carefully from the abaxial surface of leaves, and stomatal apertures were then measured with a microscope. Fifty stomata were randomly selected for three independent repeats. The data are presented as means 6 SE (n = 150).
UV-B Radiation
UV-B irradiation was generated by filtered 40-W Q-panel UV 313 lamps (Largo; its maximum output is at 313 nm). The lamps were suspended above and perpendicular to the abaxial surface of leaves and filtered with 0.13-mm-thick cellulose diacetate (transmission down to 290 nm) for UV-B radiation or 0.13-nm polyester plastic films (which absorb all radiation below 320 nm) as a control. The desired radiation dose rate was obtained by adjusting the distance between the lamps and the leaves. The spectral irradiation from the lamps was determined with an Optronics Laboratories model 742 spectroradiometer and weighted with the generalized plant response action spectrum normalized to 300 nm.
Measurement of Endogenous H 2 O 2 and NO and Cell Viability by Confocal Laser Scanning Microscopy
H 2 O 2 and NO measurements in guard cells were performed with the fluorescent indicator dyes H 2 DCFDA and DAF-2DA, respectively, as described previously (He et al., 2005) . Assays of guard cell viability were performed with the fluorescent indicator dyes FAD and PI (Jones and Senft, 1985) . After the treatments described above, the epidermal strips were immediately peeled carefully from the abaxial surface of the treated leaves and placed into Tris-KCl buffer (10 mM Tris and 50 mM KCl, pH 7.2) containing 50 mM H 2 DCFDA, 10 mg mL 21 FAD, or 5 mg mL 21 PI for 10 min or containing 10 mM DAF-2DA for 30 min in the dark at 25°C. Excess dye was removed with fresh Tris-KCl buffer in the dark, and an examination of the peels was immediately performed with a TCS-SP2 confocal laser scanning microscope (Leica Lasertechnik) with the following settings: excitation at 488 nm and emission at 530 nm for H 2 DCFDA, DAF-2DA, and FAD or excitation at 536 nm and emission at 617 nm for PI. Images acquired from the confocal microscope were processed with Photoshop software and analyzed with Leica Image software. In each experiment, three epidermal strips were measured, each of which originated from a different plant. Each experiment was repeated three times. The selected confocal images represented the same results from approximately nine time measurements.
Statistical Analysis
Statistical analyses were performed using a one-way ANOVA followed by the LSD test.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers At2g26300 (GPA1), At5g47910 (rbohD), At1g64060 (rbohF), At1g77760 (nia1), and At1g37130 (nia2).
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